Infrasound and seismic waves are supposed to be the main contributors to the gravity-gradient noise (Newtonian noise) of the third-generation subterranean gravitational wave detectors. This noise will limit the sensitivity of the instrument at frequencies below 20 Hz. Investigation of its origin and the possible methods of mitigation have top priority during the designing period of the detectors. Therefore, long-term site characterizing measurements are needed at several subterranean sites. However, at some sites, mining activities can occur. These activities can cause sudden changes (transients) in the measured signal, and increase the continuous background noise, too. We have developed an algorithm based on discrete Haar transform to find these transients in the infrasound signal. We found that eliminating the transients decreases the variation of the noise spectra, and therefore results a more accurate characterization of the continuous background noise. We carried out experiments for controlling the continuous noise. Machines operating at the mine were turned on and off systematically in order to see their effect on the noise spectra. These experiments showed that the main contributor of the continuous noise is the ventilation system of the mine. We also estimated the contribution of infrasound Newtonian noise at MGGL to the strain noise of a subterranean GW detector similar to Einstein Telescope.
Introduction
In September 2015, the two aLIGO interferometers detected gravitational waves (GWs) for the first time in history [1] . The GW150914 observation was the first direct experimental proof of the existence of GWs that were predicted by Albert Einstein on the basis of his general relativity theory. The GW was generated by a black hole-black hole merger. Since then, the LSC-Virgo collaboration published observations of GW signals from several more similar events [2] [3] [4] [5] . The first observation of the GWs from merger of two neutron stars was on 17 August 2017 [6] . For the first time, the electromagnetic counterpart of the GW signal was detected, too [7] [8] [9] [10] .
Before the detection of gravitational waves, electromagnetic radiation, cosmic ray, and neutrinos were the only messengers of cosmic phenomena. Beyond that GWs may give us new information of these phenomena, previously unobservable cosmic events may become observable by detecting the GWs accompanying them [11, 12] .
In the ideal case, the relative distance of the test masses of a GW-detector would only be changed by the GWs that pass through the interferometer. However, the relative distance of the test masses of the detectors is affected by the local environment, too. When extending the sensitivities to lower frequencies down to 1 Hz, seismic and gravity gradient noise are limiting. Gravitational gradient noise (Newtonian noise) is generated by changes of the density of matter near the detector. These density changes modify the local gravitational field around the detector and the resulting forces move the test masses [13, 14] .
Sensitivity of a GW detector is expressed in the units of strain, defined as the differential arm length normalized by the arm length of the interferometer [15] . To estimate the Newtonian noise of different sources, a transfer function model that converts a measured quantity characterizing the given source to strain of the interferometer is required. A model that considers infrasound spectra measured on the Earth's surface and specifies transfer functions for a subterranean detector at different depths below the surface is presented in [16] .
Passive Newtonian noise (NN) mitigation is accomplished by choosing an installation site with low seismic and acoustic noise level. One way is to install a detector under the ground, where the changes of the density of the matter around the instrument could be attenuated to a greater extent than on the Earth's surface.
Further mitigation could be achieved by active noise mitigation, when coherent cancellation of seismic (or acoustic) NN is applied [14] . The method aims to subtract seismic (or acoustic) noise from a GW-detector's data by using a Wiener-filter calculated from the measurement data of several properly chosen seismometers (microphones) placed around the detector's test mass.
In the case of NN of seismic origin, the method was tested and the investigations ended with promising results [17] [18] [19] . The coherent cancellation of NN originated of infrasound is considerably different from the seismic case. Several theoretical and experimental problems have to be solved in order to successfully implement the method [14] .
To this day, the Japanese Kamioka Gravitational Wave Detector (KAGRA) is the only completed subterranean detector. Starting of its first observation run is scheduled for the end of 2019. KAGRA will join to the GW detector network which currently consist of adVirgo and the two aLIGO detectors, facilitating more precise determination of the parameters and location of the sources of observed GWs [20] .
In Europe, a design study project of a subterranean GW-detector has been proposed by eight European leading gravitational wave experimental research institutes [21] in 2011. Along with investigating the technical details of the instrument, site characterization experiments begun, too [22] . The goals of these experiments are (a) better understanding of the technical challenges that emerge during the process of building a detector under the ground and (b) better understanding of the nature and origin of the underground environmental noises and, therefore, the underground NN. The main aim of these experiments is selection of candidate sites for future GW-detectors.
One of the site characterization experiments is performed at the Mátra Gravitational and Geophysical Laboratory (MGGL) [23] that was established near Gyöngyösoroszi in Hungary in 2015. The laboratory is located in a cavern system of an unused ore mine 88 m below the surface. Specialized instruments have been installed in the laboratory for measuring the seismic and infrasound background and the electromagnetic noise. A long-time infrasound measurement program has been carried out to characterize the background noise in the laboratory.
Infrasound in the 0.01 to 10 Hz frequency range was monitored using a measuring system developed by Atomki [24] . The results of the measurements were compared with the Bowman median noise model [25] that is generally used for characterization of the ambient atmospheric infrasound noise. For enabling the comparison we have developed a new signal processing pipeline, too.
In the mine where the MGGL laboratory was built, recultivation occurs in three shifts per day. This activity causes sudden changes in the pressure of the air and transients in the measured infrasound signal, too. As we aimed characterization of the infrasound background noise with eliminating noise of local anthropogenic origin as much as possible, our data processing pipeline includes a step where the software finds the transients in the signal. Then, the data segments that contain the transients can be left out from further analysis.
Finding transients in the signal of a GW-detector and also in the signal of its auxiliary channels was an essential task from the beginning of the detectors' operation. Auxiliary channels are monitoring the instrumentation and the environment, too. They are needed to identify noise sources that can cause transients in the interferometers' signal, and to separate GW transients from noise transients. Current algorithms used for this purpose are Bayeswave [26] and Omicron [27] . Our method to find transients is built on elements of a formerly used algorithm presented in [28] .
In underground laboratories, the air has to be ventilated and the ventilation system and other machinery can contribute to the infrasound background noise. To examine this, a controlled noise generating experiment was performed by us when turning off the ventilation system and a water pump for a short time was permitted by the operators of the mine.
The aims of this paper are (a) the presentation of the details of the software of the signal processing pipeline and (b) to simulate results of the infrasound measurements obtained in MGGL in December 2018 and in the controlled noise experiment.
Materials and Methods

Data Collecting
The infrasound detector of the measurement system is a new type of infrasound microphone (ISM1) developed by Atomki. The data acquisition (DAQ) system is based on a Raspberry Pi3 Model B single-board computer that runs Raspbian operating system. The analog signal of the infrasound microphone was connected to an Adafruit ADS1115 16-bit ADC.
A real-time clock module was used to provide the timestamps with appropriate accuracy. The measured data were stored on a 32 Gb microSD card connected to the Raspberry computer. The collected data were sent to a remote server that was operated outside of the mine in a building on the surface and provided internet access to the measured data. The downloaded data were processed offline for further analysis.
Data Processing
Finding Transients
The data processing pipeline was implemented in Python. In the followings, the steps of the data processing are presented using the data that were recorded in the 09-23 January 2019 period at MGGL with the infrasound monitoring system described above.
In the first step the downloaded data were divided into chunks of data measured in consecutive two-hour long time periods. Then the software searches each individual chunks for the possible transients. Typical transients can be seen on Figure 1a .
We applied a modified method for detection of gravitational wave bursts described in [28] . The method is based on the dyadic wavelet decomposition, which decomposes a given signal into components (layers) that can be associated with different sub-bands of the signal. Starting with the original signal, this recursive method halves the frequency band of the given layer in each step, and therefore gives us information about changes in different sub-bands. Although it halves the frequency resolution ∆ f n , it doubles the time-resolution of the layers ∆t n . Each wavelet coefficient has the same volume ∆ f n ∆t n = 1 2 ; therefore, localization of a given event in the original signal is only possible with uncertainty. The more accurate the localization in time, the less accurate in frequency. For simpler and faster computation, we choose the Haar transform for the dyadic wavelet decomposition [29] . Starting with the signal s
, in each step, the transformation gives the approximation coefficients:
, and the detail coefficients:
, are obtained. The approximation coefficients show the trend, while the detail coefficients show the fluctuations of the signal in different sub-bands of the signal. We divided the measured infrasound signal into chunks of length of two hours, and took the first 2 20 samples for further analysis beginning with the Haar transform. The sampling frequency of our instrument was 155.5 Hz. Table 1 shows the frequency bands associated with each layer and the corresponding number of detail coefficients of the given layer. Note that the first four layers correspond to frequency bands that are outside of our microphones measuring range, these bands contain only instrumental noise.
In one or more sub-bands the detail coefficients corresponding to transients in the original signal occur as outliers in the detail-coefficient vectors, if the transients are relatively rare events. Because of this, an outlier detection process had to be performed on each detail-coefficient vector individually.
First, the measure of the spread of the components of a given detail-coefficient vector must be specified. The suitable measure can be influenced by outliers only in a small extent, and therefore it can be used as a reference that expresses the spread of the values without the outliers. Therefore, the variance and the standard deviation are not suitable measures. They express how close are the observed data values to the mean value, however, the mean value can be influenced greatly by only a small number of outliers. Considering this the median absolute deviation (MAD) was chosen as a measure of the spread [30] .
Let us denote the median of the values of the k-th detail-coefficient vector with m (k) . Then the MAD of the n-th detail-coefficient vector is:
. If the distribution of the coefficients would be a univariate normal one, the standard deviation would be σ (k) = 1.4826 · MAD (k) . The distribution of d 
To get more information of the transients, a clustering method was applied on the previously found outlier detail coefficients. We only considered layers 5-13 as the frequency interval associated with these layers laps over the measuring range of the infrasound monitoring system.
Detail coefficients were clustered together if the time interval associated with them overlapped, or were inside a coincidence interval corresponds to the time resolution of the 13th layer. This interval length was chosen empirically, suited to the transients in our data. Clusters represent the transient events, and are stored for further analysis (see Results section). Figure 1b illustrates the results of the clustering method. 
Computing Representative Spectra
The next part of the data processing started with dividing a data chunk into 128 s long data segments. Then the software checked whether a given segment included a transient found during the previous steps. If the segment included (at least a part of) a transient, it was labeled as "noisy", else it was labeled as "silent".
The next steps are intended to get the so-called representative pressure amplitude spectral density (PASD) of the infrasound data collected. PASD of data including "noisy" segments was compared to PASD of data that included only "silent" segments in order to see the effect of the transients of anthropogenic origin on the representative PASD. Note that we aimed characterization of the infrasound background noise with eliminating noise of local anthropogenic origin as much as possible.
First the mean of each signal segment was subtracted from each value of the segment, then the signal was de-trended. After that a Nuttall-window was applied on the signal:s n = w n · (s n − s ). Next, the windowed signal was transformed by fast Fourier transform (FFT): S k , where k is the Fourier number related to the frequency f = k f samp N . Then one-sided power spectral density(PSD) was computed:
n is a normalization factor that account for the power lost due to the windowing. PSD expresses the power of the signal at a given frequency.
Pressure amplitude spectral density(PASD) is the square root of the PSD:
By choosing PASD, the infrasound noise level can be expressed with the unit of pressure (Pa) per √ Hz. To characterize infrasound background noise of the site, we collected all segments of the measurement period 09-23 January 2019, and for each k, the median and the 10th and 90th percentile of all segment's PASD (s) k values were computed. The 10th (90th) percentile shows the value below which 10% (90%) of the observations may be found, and therefore is suitable to inform us about the variations in the PASD.
Results of Investigating Infrasound Background Noise at MGGL
Statistical Analysis of Transients in the Haar Wavelet Domain
We examined the relative frequency of transients by their bandwidth in terms of Haar layers. Figure 2 shows that the typical transients has a bandwidth of 9 layers. Note that it can be even larger in the raw signal, because we considered only layers 5-13, as that interval laps over with the measuring range of the infrasound microphone. During the data collecting period, the transients were less frequent in the night hours (see Figure 3 ). The trend in the number of transients followed the activity of the miners, who worked in three shifts, but with different intensity in each shift. Work that demanded more people and machines was done during daytime. At night, the essential maintenance and some urgent tasks was done typically. It was not possible to log each activity of the miners with a precise timestamp, so the exact origin of the transients remained unknown, but the pattern that their occurrence follow on Figure 3 and the high amplitude of the typical transients ( Figure 2 ) suggest that they are related to the activity of the miners. As we intended to analyze the natural infrasound background with anthropogenic contribution only from outside of the mine (if that would be present), data segments that were corrupted by transients were excluded from the process of determining the representative infrasound spectrum.
Effect of Removing Data Segments Corrupted by Transients on the Representative Pressure Amplitude Spectral Density (PASD)
During characterization of a potential site of a planned GW-detector like ET, the investigation of the environmental background noises (seismic, electromagnetic, acoustic, etc.) is a fundamental step. However, there can be cases when the anthropogenic activities at the site can be suspended only for short time periods for enabling "silent" periods for noise background measurements. This can be the case for example at mines near to potential candidate sites for future subterranean GW-detectors [31] .
In the case of MGGL, some systems of the mine's infrastructure (ventilation system, water pumps, etc.) generate continuous background noise that is always present. Furthermore, other activities (e.g., opening and closing sluices) occasionally can cause sudden changes in the air pressure and therefore transients in the measured infrasound signal. Figure 4 shows results of the infrasound background measurements performed at MGGL in the 09-23 January 2019 period when there was recultivation activity at the site of the mine. The red dashed line, the red solid line and the red dashed-dotted line indicate the 90th percentile, the median and the 10th percentile of the measured PASD before the filtering procedure, respectively. The blue lines indicate the 90th percentile, the median and the 10th percentile of the PASD, that was obtained after carrying out the filtering procedure described above in the Materials and Methods section. It can be seen that the curves are very similar, except below 0.2 Hz where the 90th-percentile curves deviate strongly. To get a better understanding of these results, we investigated the proportion of outlier detail coefficients at each layer of the previous Haar transform. Table 2 shows that as the layer number increases, the proportion of outliers increases, too. One could expect that outliers increase the 90th percentile PASD curve only at those frequency bands, where their proportion is 10% at least. In Table 2 we can see that this is the frequency band 0.0379-0.0759 Hz which is corresponding to layer 12. This is approximately the frequency band on Figure 4 , where the red dashed line (90th percentile PASD with transients) exceeds the blue dashed line (90th percentile PASD without transients). As it was previously shown, the outlier Haar detail coefficients are typically originated from transient events (of large bandwidth) that can be related to the miners' activity. Eliminating them can result a better estimation of the continuous infrasound background noise at MGGL.
Investigation of the Sources of the Continuous Background Infrasound Noise at MGGL and Comparison with the Bowman Models
On 28 December 2018 a controlled experiment was carried out, too, for studying the effects of noise sources on the infrasound noise background of MGGL. Miners suspended the recultivation work on that day. As the first step of the experiment a water pump near the laboratory was turned off. Then, a door that separates the corridor of MGGL and a vertical shaft (that is opened to the surface) was opened. In the third step, the ventilation system was turned off, too. During the experiment the infrasound noise background was monitored. Figure 5 shows, for comparison, the median curve of the PASD (dark blue line) that was obtained from the data recorded in the measurement course in the 09-23 January 2019 period. The PASD curve is considered as the reference for the normal working days at the mine. Also, Figure 5 shows the mean curves of the PASDs obtained for the three steps of the experiment.
As the light blue curve in Figure 5 shows, the turning off of the water pump barely affected the infrasound noise background. After opening the door the noise level increased significantly in the f = 0.4 Hz-0.7 Hz and the f = 1 Hz-2 Hz frequency ranges (see the purple curve in Figure 5 ). The main reason for the changes was the strong air flow in the vertical shaft. The air flow vibrates the walls of the shaft, too, and the vibration waves can propagate to the walls of the MGGL contributing to the noise level in the laboratory even when the door is closed. The orange curve on Figure 5 clearly shows that the noise level decreased very significantly practically in the whole f = 0.05-10 Hz frequency range after turning off the ventilation system. This means that the main source of the continuous noise that is observable in MGGL is the ventilation system. Figure 6 shows the frequency dependency of the median of the PASD (orange solid line) that was obtained from our measurements performed in MGGL when the ventilation system was turned off. Also, Figure 6 shows the three curves (low noise model, median, high noise model) that were obtained from the models developed and published by Bowman et al. in [25] for characterization of the global ambient infrasound noise background on Earth's surface. Bowman et al. [25] derived their three models from the data measured at many infrasound measurements stations around the world.
One can see that the trend of median of the PASD at MGGL is similar to the trend of the median of the Bowman model, except from structural differences, most notably in the 0.05 to 0.25 Hz range. The structure of the median PASD curve of MGGL may be resulted by the geometry of the tunnels in the mine. The geometry of the laboratory allows resonances of frequencies higher than the infrasound frequency range. 
Estimating the Contribution of Infrasound Newtonian Noise to the Strain Noise of a Subterranean Gravitational Wave Detector
To estimate the Newtonian noise originated of infrasound measured at MGGL, we applied the model presented in [16] . This model considers infrasound spectra measured on the Earth's surface and specifies transfer functions for a GW detector similar to ET at different depths below the surface. The effect introduced by the building housing the detectors can be considered, too.
We applied the transfer function corresponding to the surface, without considering the specified building effects. This is a conservative choice to estimate the contribution of infrasound to the NN of a subterranean GW detector. However, it can be justified with the fact that the tunnel next to our laboratory at the mine is connected to the surface through a vertical pit (a wooden door is the only separation), so we can not state that the model's assumption for the extent of the infrasound noise damping at 88 m depth is fulfilled at MGGL. Moreover, the geometrical properties of the tunnels near MGGL are significantly different from the model's specified cavity shape.
However, our results in Figure 7 suggest that the NN of infrasound origin can be reduced significantly at subterranean sites, but to decrease it below to the sensitivity curve of an ET-like detector requires carefully designed housing and tunnel system with special attention to separate them appropriately from the surface. The green curve shows NN at the Earth's surface without building effects (see work in [16] ), whereas the orange curve shows NN at MGGL also without building effects. The dashed black line is the sensitivity curve of the detector.
Conclusions
A method and a data processing pipeline software have been developed for analyzing the infrasound data series measured to investigate the infrasound noise background at the Mátra Gravitational and Geophysical Laboratory (MGGL). The Haar transform was employed for identification of the infrasound noises from anthropogenic activities around the MGGL. An experiment has been carried out, too, when there was no anthropogenic activity in the MGGL and in the cavern system around it. The frequency spectra and other quantities obtained from the analysis of the measured data have been used for the site characterization of MGGL. Contribution of infrasound Newtonian noise to the strain noise of a subterranean GW detector was estimated as well. The possibilities of infrasound noise cancellation at subterranean sites, that could be a site for installing a third-generation GW-detector, like the Einstein Telescope were investigated, too.
